An overview of the ATLAS Forward Calorimeter system is provided. Upgrade plans for this system for the proposed High-Luminosity upgrade of the LHC are discussed.
The ATLAS Forward Calorimeters
The ATLAS detector 1 is a multi-purpose detector located at the Large Hadron Collider (LHC 2 ). The ATLAS forward calorimeters (FCals) are situated inside the endcap cryostats together with the electromagnetic endcap and the hadronic endcap calorimeters. The FCals cover the forward regions of 3.1< |η| <4.9, where the energies and density of particles are very high. Each FCal consists of three disk-shaped modules located around the beam pipe. The active part of the detectors are arrays of thin annular gaps filled with Liquid Argon (LAr) that allow operation in the high-flux region. The absorber material is copper for the FCal1 electromagnetic calorimeter module and tungsten for the two hadronic modules, FCal2 and FCal3.
Forward Calorimeter High-Luminosity Upgrade Plans
The LHC is designed to run with an instantaneous luminosity of 10 34 cm -2 s -1 . A High Luminosity (HL-LHC) upgrade is planned for the machine with the goal of providing a peak luminosity of 5×10 34 cm -2 s -1 and an integrated luminosity of 250 fb -1 per year. HL-LHC luminosities will provide challenges for the operation of the FCal. Charge build up in the gaps can distort the electric field particularly in the region of highest particle flux at small radii close to the beam line. This effect is expected to be compounded by a voltage drop across high voltage protection resistors located on "summing boards" in an inaccessible region in the cryostat. There is also the potential for the Liquid Argon to boil in the FCal due to the energy deposited by the high particle flux hitting the detectors.
There are two main solutions proposed to maintain calorimeter performance. The first one is the replacement of each FCal with a super FCal (sFCal) built with smaller LAr gaps, cooling loops to ameliorate any beam heating problems, and a new HV protection system. It has been shown in a high luminosity test 3 that 100 micron gaps for a new FCal1 will be more than adequate for LHC luminosities.
An engineering sketch of the sFCal concept is shown in Figure 1 , with the new set of summing boards positioned in front of the FCal cold bulkhead. It has also been proposed that a portion of the space occupied by Plug 3 be used to house the new summing boards. The installation of the sFCal will require the removal of the current FCal and opening of part of the end-cap cryostat. A second solution for the operation of the FCals at HL-LHC is the installation of a new calorimeter in front of the existing FCals, known as the Mini-FCal.
Mini-FCal
The Mini-FCal would absorb a large portion of the flux that would otherwise reach the innermost part of the FCal, reducing it to a level at which the existing FCal can operate normally. 
Warm Calorimeter based on Diamond Detectors
The Mini-FCal has a transverse size that is constrained by the dimensions of the existing cryostat support structure into which it must be installed. The current proposal is a cylindrically shaped sampling calorimeter 35 cm in diameter and 30 cm in depth, with a parallel-plate structure using copper absorbers and layers of diamond sensors as the active layer, as shown in Figure 2 . It is located directly in front of the FCal and is supported by the warm wall of the end-cap cryostat. The remaining volume of the region in front of the Mini-FCal will be lined with a neutron absorbing material such as borated polyethylene to reduce neutron backsplash into other detectors. The installation of the Mini-FCal is relatively simple as the cryostat will not need to be opened, however we still need to verify that the warm tube can support the Mini-FCal's weight.
A crucial aspect of the Mini-FCal design is an understanding of the radiation tolerance of the diamond sensors proposed for the active layers. Ten years of running at the HL-LHC is assumed to correspond to about 2×10 17 neutrons/cm 2 . We performed irradiation tests on polycrystalline Chemical Vapour Deposition diamond detectors with 500 MeV protons at TRIUMF 4 to a fluence of 2.25×10 17 protons/cm 2 . The detectors remained operational, but provided 5% of their original signal amplitude. We also performed spatial resolution tests and the results will be used in further simulations of the Mini-FCal response. We are also investigating two other options for the Mini-FCal concept, one using high pressure xenon gas and the other using liquid argon. These options are described in the next two sections. the expected signal from diamond sensor from optical grade with 300 µm thickness. The curve assumes an initial charge collection efficiency (CCE) of 16% and the degradation curve from the proton test at TRIUMF. 4 The xenon option response assumes a CCE of 5% from electons only and no degradation with intgrated luminosity.
Warm High-Pressure Xe Mini-FCal option
This option uses a similar design to the diamond detector Mini-FCal except that the gaps between the copper absorbers are filled with high pressure (up to 10 bar) Xenon gas. Readout of the ionization signal is accomplished with a stack of foils 25 µm apart that are alternately at ground and high voltage. The foils are separated by ceramic washers. Each stack is 1 cm square and is the smallest volume that can be read out. This arrangment of foils is referred to as a "micro-gap" and is illustrated in the right hand diagram of Figure 3a . A comparison of the expected signal between diamond sensors and the xenon option is shown in Figure 3b . Note that at high integrated fluences the signal from this option is expected to exceed that from diamond detectors.
Liquid Argon Cryogenic Mini-FCal Option
The third technology considered for the Mini-FCal is the use of a liquid argon calorimeter with the same basic annular electrods of the existing FCal1, except that 100 µm gaps are used rather than 250 µm gaps. The overall dimensions of this option are similar to the diamond Mini-FCal. This option would be installed in a cryogenic vessel that would be located in the vacuum space formed between the existing cold vessel of the EndCap cryostat and a new inner warm tube, illustrated in Figure 4 . The new warm tube will be redesigned to provide space in the vacuum region for this option and will provide for the cryogenic feedthroughs required. Note the use of special support collars at the inner edge to minimize heat transfer. This option requires considerable amount of upstream material in the form of feedthroughs and cryogenics and we will need to evaluate the effect of these on physics performance.
Summary
Two main solutions have been explored to prepare for the effect of HL-LHC luminosities on ATLAS Forward Calorimeters: a complete replacement of the current FCals and the insertion of a small calorimeter in front of the FCals. Three options for the small calorimeter have been considered, one using diamond detectors, a warm high pressure gas xenon option and a liquid argon calorimeter. These options continue to be evaluated.
